Introduction {#s1}
============

Phosphate (Pi) depletion is a serious problem for plant growth worldwide (Lynch, [@B43]; Kochian, [@B37]). Among several defense mechanisms that plants use to survive under conditions of Pi depletion, membrane lipid remodeling is common for various plants (Andersson et al., [@B2], [@B1]; Gaude et al., [@B20]; Jouhet et al., [@B26]; Benning and Ohta, [@B8]; Russo et al., [@B57]; Tjellström et al., [@B62]; Lambers et al., [@B38]; Shimojima et al., [@B61]). In plant cells, \~50% of membrane lipids are composed of galactolipids, which are distinct from biological membranes in mammalian cells (Block et al., [@B10]; Joyard et al., [@B27]). Galactolipids are synthesized in chloroplasts and are predominantly located in the thylakoid membranes of chloroplasts under normal growth conditions (Block et al., [@B10]; Joyard et al., [@B27]). However, under Pi depletion, phospholipids are degraded to supply Pi for other essential biological processes, whereas galactolipids substitute for phospholipids in extraplastidial membranes (Essigmann et al., [@B17]; Härtel and Benning, [@B23]; Andersson et al., [@B2], [@B1]; Jouhet et al., [@B26]; Nakamura, [@B51]).

Plants have two major types of galactolipids, namely monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG). MGDG and DGDG constitute \~50 and \~30% of chloroplast membrane lipids, respectively (Block et al., [@B10]; Joyard et al., [@B27]). These galactolipids are synthesized in the chloroplast envelope membrane (Douce, [@B16]). The type-A MGDG synthase, MGD1, in *Arabidopsis thaliana* (*At*MGD1) localizes on the inner envelope membrane and catalyzes the bulk of MGDG synthesis in chloroplasts (Awai et al., [@B4]; Xu et al., [@B65]). MGD1 is essential for MGDG synthesis and subsequent DGDG synthesis under normal growth conditions. Indeed, a knockdown mutant of *AtMGD1*, *mgd1-1*, exhibits lower chlorophyll content and photosynthetic activity compared with wild type (WT) and has a defect in thylakoid membrane development (Jarvis et al., [@B25]; Aronsson et al., [@B3]). Moreover, a knockout mutant of *AtMGD1*, *mgd1-2*, in which MGDG is decreased by 98% compared with WT, shows a severe defect in embryogenesis shows a severe defect in both embryogenesis and thylakoid membrane development (Kobayashi et al., [@B34], [@B36]).

The other isoforms of MGDG synthase, the type-B MGDG synthases of *Arabidopsis*, namely *At*MGD2 and *At*MGD3, localize on the outer envelope membrane (Awai et al., [@B4]). Genes for type-B MGDG synthases in *Arabidopsis* were first discovered as the paralogs of *AtMGD1* (Awai et al., [@B4]). Under nutrient-replete growth conditions, expression of genes encoding type-B MGDG synthase is very low in vegetative tissues but is markedly upregulated during Pi starvation (Awai et al., [@B4]; Kobayashi et al., [@B33]). Unlike the case of the *AtMGD1* knockout mutant, the single-knockout mutant of *MGD2* or *MGD3* and the double-knockout mutant do not show a decrease in MGDG or DGDG production or any other particular phenotype different from WT plants grown under normal growth conditions (Kobayashi et al., [@B31]). However, the *Arabidopsis mgd3* and *mgd2mgd3* mutants display severe growth retardation and a decrease in DGDG content under Pi depletion, clearly indicating that MGD3-mediated MGDG synthesis has an essential role in survival when Pi is scarce (Kobayashi et al., [@B31]). Indeed, recent comprehensive phylogenetic analyses of genes that encode type-B MGDG synthases indicated that the family members are widely distributed in seed plants, suggesting that these genes might have been essential for plants to adapt to Pi deficiency (Kobayashi et al., [@B32]; Ohta et al., [@B55]; Yuzawa et al., [@B67]). MGDG produced by type-B MGDG synthases is sequentially supplied as a substrate to the DGDG synthases, DGD1 and DGD2 (Härtel et al., [@B24]; Kelly and Dörmann, [@B29]; Kelly et al., [@B30]). The bulk of DGDG produced by galactolipid synthesis via type-B MGDG synthases is transferred to and accumulates in extraplastidial membranes, such as vacuoles, mitochondria, and the plasma membrane, and the presence of DGDG can substitute for phosphatidylcholines (PCs) (Essigmann et al., [@B17]; Härtel and Benning, [@B23]; Andersson et al., [@B2], [@B1]; Jouhet et al., [@B26]; Nakamura, [@B51]). The sequential events of galactolipid synthesis mainly occur on the outer envelope membranes of chloroplasts where the three enzymes MGD2, MGD3, and DGD2 are localized. Galactolipid synthesis in the outer envelope membrane may be advantageous for transferring DGDG to extraplastidial membranes at the site of contact (Jouhet et al., [@B26]).

The plant response to exogenously supplied sucrose is similar to its response to Pi starvation. For example, several genes encoding enzymes in carbohydrate metabolism are transcriptionally regulated by Pi content in plants (Nielsen et al., [@B53]; Ciereszko et al., [@B12],[@B13]), and the expression level of a Pi transporter is increased upon supplementation with sucrose (Lejay et al., [@B41]). Transcript profiling and expression analyses have revealed that the expression of many genes involved in sucrose metabolism is affected by Pi starvation, suggesting that there are interactions between Pi- and sugar-dependent gene regulation (Hammond et al., [@B21]; Vance et al., [@B63]; Wu et al., [@B64]; Misson et al., [@B46]; Müller et al., [@B48], [@B47]; Hammond and White, [@B22]). The *Arabidopsis hypersensitive to phosphate starvation1* (*hsp1*) mutant, which overexpresses the sucrose transporter gene, *SUC2*, shows a Pi-starvation-like phenotype even under Pi sufficiency (Lei et al., [@B40]). Lei et al. ([@B40]) showed that *MGD3* was one of the genes which expression levels were increased in *hsp1* mutant. Although the balance between carbon and Pi content in plant tissues is likely to be important for plant growth, the details remain unknown. Indeed, we have not tested if sucrose supplementation to the growth medium could affect Pi-starvation induced MGDG synthesis. MGDG synthesis on the outer envelope membrane in chloroplasts is known to be important for supplying DGDG, which can substitute for PC in the extraplastidial membranes. Meanwhile, plant growth is known to be enhanced when sucrose is supplied to the growth medium, but the mechanism has been not fully unraveled. The aim of this study was to show the possibility that increased supply of DGDG via upregulation of type-B MGDG synthesis by exogenously supplied sucrose and export of DGDG to the extraplastidial membranes could be partially involved in the enhanced growth when sucrose was supplied to plants. Here we produced *Arabidopsis* transgenic plants overexpressing *AtMGD3* and analyzed the effect of MGDG overproduction on the function of the chloroplast outer envelope membrane under normal growth conditions with or without sucrose supplementation.

Results {#s2}
=======

Expression of *MGD2* and *MGD3* increases upon sucrose supplementation
----------------------------------------------------------------------

Expression of *MGD1*, *MGD2*, *MGD3*, *DGD1*, *DGD2*, *NPC5*, *SUC2*, *IPS1*, and *At4* was assessed using *Arabidopsis* plants grown on Murashige and Skoog (MS) agar supplemented with sucrose or the same molar concentration of mannitol as the osmotic control (Figure [1](#F1){ref-type="fig"}). *SUC2* expression in shoots was higher when sucrose was supplied (Figure [1A](#F1){ref-type="fig"}). Sucrose supplementation also increased the expression of type-B MGDG synthase genes, *MGD2* and *MGD3*, by \~2-fold compared with expression in the absence of sucrose. *NPC5* encodes non-specific phospholipase C5, which hydrolyzes PC (Gaude et al., [@B19]), and *DGD1* and *DGD2* encode proteins that synthesize DGDG (Härtel et al., [@B24]; Kelly and Dörmann, [@B29]; Kelly et al., [@B30]). Although *NPC5*, *DGD1*, and *DGD2* are responsive to Pi starvation and are involved in membrane lipid remodeling under Pi depletion (Härtel et al., [@B24]; Kelly and Dörmann, [@B29]; Kelly et al., [@B30]; Gaude et al., [@B19]), their expression in shoots was not significantly affected by sucrose supplementation (Figure [1A](#F1){ref-type="fig"}). *IPS1* and *At4* are non-protein-coding genes that are strongly and specifically induced by Pi starvation but are not related to lipid synthesis (Martín et al., [@B44]; Rubio et al., [@B56]; Bari et al., [@B6]; Narise et al., [@B52]). Expression of both *IPS1* and *At4* in shoots was increased by sucrose supplementation.

![**Gene expression in *Arabidopsis* WT seedlings grown with or without exogenous sucrose**. Plants grown on MS agar with 1% (w/v) sucrose (+suc) or without sucrose \[0.53% (w/v) mannitol as the osmotic control; −suc\] for 7 d were then transferred to ½MS agar with or without sucrose, respectively, for 7 d. Relative mRNA abundance of genes upregulated during Pi starvation (*MGD2*, *MGD3*, *DGD1*, *DGD2*, *NPC5*, *IPS1*, and *At4*), a sucrose transporter gene (*SUC2*), and a Pi-non responsive galactolipid synthase gene (*MGD1*) in shoots **(A)** and roots **(B)** was analyzed by quantitative RT-PCR. Relative expression was normalized to the mRNA abundance of each respective gene under conditions without sucrose (−suc). Values represent the mean ± SD from three independent measurements. ^\*^*P* \< 0.05.](fpls-05-00280-g0001){#F1}

In roots, expression profiles differed slightly from those in shoots (Figure [1B](#F1){ref-type="fig"}). Expression of *MGD2* and *MGD3* increased markedly in roots when sucrose was supplied. Moreover, expression of *DGD2* and *NPC5* increased when sucrose was supplied, whereas sucrose supplementation did not alter the expression of *SUC2*, *IPS1*, or *At4*. These results suggested that sucrose and Pi may regulate translation in a mutually exclusive manner and be organ specific.

Sucrose supplementation retards growth of a *MGD3* knockout mutant compared with WT
-----------------------------------------------------------------------------------

Supplementation of growth medium with sucrose promotes plant growth (Karthikeyan et al., [@B28]). To clarify whether type-B MGDG synthases are involved in the growth enhancement observed under sucrose supplementation, fresh weight of shoots and roots of a *MGD3* knockout mutant (*mgd3*) (Kobayashi et al., [@B31]) was compared with that of WT (Figure [2](#F2){ref-type="fig"}). Without sucrose supplementation, the fresh weight of roots and shoots of *mgd3* was similar to that of WT (Figures [2A,B](#F2){ref-type="fig"}). When sucrose was supplied, however, fresh weight of shoot and root of *mgd3* was \~10 and \~14% lower compared with WT, respectively (Figures [2A,B](#F2){ref-type="fig"}). These data indicated that MGD3 plays a role in seedling growth under sucrose supplementation.

![**Fresh weight of WT and the *mgd3* mutant under conditions with or without exogenously supplied sucrose**. Plants grown on MS medium supplemented with +suc or −suc for 7 d were then transferred to ½MS agar with or without sucrose, respectively, and grown for another 7 d. **(A)** Shoot fresh weight. **(B)** Root fresh weight. Values represent the mean ± SE from shoots and roots (*n* = 12 each). ^\*^*P* \< 0.05.](fpls-05-00280-g0002){#F2}

Generation of transgenic *Arabidopsis* plants overexpressing *At*MGD3
---------------------------------------------------------------------

To determine the role of MGD3 in plant growth under sucrose supplementation, we produced transgenic *Arabidopsis* plants that overexpressed *At*MGD3 fused to green fluorescent protein (GFP) and selected two overexpression (OE) lines (OE3 and OE7) for further analyses. In shoots, *MGD3* mRNA levels in OE3 and OE7 were \~130- and \~480-fold higher, respectively, than in WT (Figure [3A](#F3){ref-type="fig"}). In roots, *MGD3* mRNA levels in OE3 and OE7 were \~100- and \~450-fold higher, respectively, than in WT (Figure [3A](#F3){ref-type="fig"}).

![**Overexpression of *At*MGD3-GFP in *Arabidopsis***. Plants were grown on ½MS medium supplemented with 1% (w/v) sucrose (+suc) for 14 d. **(A)** Relative abundance of *AtMGD3* mRNA in shoots and roots of two overexpression lines (OE3 and OE7) was analyzed by quantitative RT-PCR. The relative expression was normalized to the abundance of *AtMGD3* mRNA in shoots and roots, respectively, of WT. Values represent the mean ± SD from three independent measurements. **(B)** Western blot analysis of *At*MGD3-GFP using anti-GFP. Crude-extract protein (20 μg from shoots, 10 μg from roots) was separated by SDS-PAGE, and bands were stained with Coomassie Brilliant Blue (lower panel) or transferred to a nitrocellulose membrane for western blotting (upper panel). **(C)** Microsomal localization of *At*MGD3-GFP. Crude extract from shoots of OE7 was fractionated into microsome and soluble fraction, and 10 μg proteins were separated by SDS-PAGE, and bands were stained with Coomassie Brilliant Blue (lower panel) or transferred to a nitrocellulose membrane for western blot analysis using anti-GFP (upper panel). **(D)** Chloroplast localization of *At*MGD3-GFP. Crude extract from shoots of OE7 (lane 1, 10 μg protein) was centrifuged at 2,000 ×g (supernatant, lane 2, 10 μg protein; pellet, lane 3, 30 μg protein). Anti--LHCB6 was used for a control. **(E)** Galactolipid synthetic activity. Microsormal fractions obtained from shoots of WT and OE7 were used for the assay. Values represent the mean ± SD from three independent measurements. ^\*^*P* \< 0.05.](fpls-05-00280-g0003){#F3}

Using antibodies against GFP, we also analyzed protein levels and subcellular localization in these transgenic plants (Figures [3B--D](#F3){ref-type="fig"}). In both OE3 and OE7, *At*MGD3-GFP was expressed in shoots and roots (Figure [3B](#F3){ref-type="fig"}). Moreover, the levels were higher in OE7 than in OE3. Thus, we used OE7 for further analyses. The subcellular localization of *At*MGD3-GFP in OE7 plants was analyzed after fractionation of the crude extract of shoots. In Figure [3C](#F3){ref-type="fig"}, crude extract was first centrifuged at low speed to obtain a thylakoid membrane--enriched fraction (Figure [3C](#F3){ref-type="fig"}, lane 1), and then the supernatant (Figure [3C](#F3){ref-type="fig"}, lane 2) was centrifuged at high speed to obtain two distinct fractions---the soluble fraction, which is enriched with soluble proteins (Figure [3C](#F3){ref-type="fig"}, lane 4), and the membrane fraction, which is enriched with microsomal membranes (Figure [3C](#F3){ref-type="fig"}, lane 3). The results showed that *At*MGD3-GFP mainly localized in microsomal membranes which is enriched with envelope membrane of chloroplasts and extraplastidial membranes (Figure [3C](#F3){ref-type="fig"}, lane 3). In Figure [3D](#F3){ref-type="fig"}, crude extract of OE7 (Figure [3D](#F3){ref-type="fig"}, lane 1) was centrifuged at low speed to obtain a chloroplast--enriched fraction (Figure [3D](#F3){ref-type="fig"}, lane 3) and the supernatant in which soluble proteins, chloroplast envelope membranes and extraplastidial membranes are major components (Figure [3D](#F3){ref-type="fig"}, lane 2). In Figure [3D](#F3){ref-type="fig"}, one of the light-harvesting chlorophyll a/b-binding (LHCB) proteins, LHCB6, was used as a marker protein of thylakoid membranes. Most of the *At*MGD3-GFP proteins localized in the envelope membrane-enriched fraction (Figure [3D](#F3){ref-type="fig"}, lane 2), but still small amount of *At*MGD3-GFP proteins was observed in the chloroplast-enriched fraction (Figure [3D](#F3){ref-type="fig"}, lane 3).

We also analyzed the galactolipid synthetic activity using the microsomal fractions obtained from WT and OE7 plants (Figure [3E](#F3){ref-type="fig"}). ^14^C-labeled UDP-galactose was used as a substrate for the galactolipid synthesis. As a result, microsomal fraction of OE7 plants showed higher levels of ^14^C-labeled DGDG compared with that of WT, whereas levels of ^14^C-labeled MGDG were not significantly different between WT and OE7 (Figure [3E](#F3){ref-type="fig"}). Regarding that MGDG produced by MGD3 on the outer envelope membrane of chloroplasts is sequentially supplied as a substrate to DGDG synthases, the result suggested that the localization of *At*MGD3-GFP is the outer envelope membrane as previously reported (Shimojima et al., [@B60]; Awai et al., [@B4]).

Shoot fresh weight of overexpressing *At*MGD3 transgenic plants is higher than that of WT when sucrose is supplied
------------------------------------------------------------------------------------------------------------------

When grown on medium supplemented with sucrose, shoot fresh weight of OE3 and OE7 was \~13 and \~14% higher than that of WT, respectively (Figures [4A,B](#F4){ref-type="fig"}). When grown on medium without sucrose, however, shoot fresh weight was comparable between WT and OE7 (Figures [4A,B](#F4){ref-type="fig"}), whereas OE3 showed \~26% higher shoot fresh weight compared with WT. Root fresh weight was similar between WT and OE7 regardless of sucrose availability (Figure [4C](#F4){ref-type="fig"}), whereas OE3 showed higher root fresh weight compared with WT when sucrose was not supplemented to the growth medium (Figure [4D](#F4){ref-type="fig"}). From these results, it was suggested that OE of MGD3 enhances plant growth regardless of sucrose supplementation to the growth medium.

![**Fresh weight of *Arabidopsis* WT and the OE7 and OE3 transformant overexpressing *At*MGD3-GFP in the absence or presence of exogenous sucrose**. Plants grown on MS medium supplemented with +suc or −suc for 7 d were then transferred to ½MS agar with or without sucrose, respectively, and grown for another 7 d. Shoot fresh weight of OE7 **(A)** and OE3 **(B)**. Root fresh weight of OE7 **(C)** and OE3 **(D)**. Values represent the mean ± SE (*n* = 12 groups of 3--5 plants for OE7 shoots, *n* = 6 groups of 3--5 plants for OE7 roots, and *n* = 20 groups of 3--5 plants for OE3 shoots and roots). ^\*^*P* \< 0.05.](fpls-05-00280-g0004){#F4}

Relative amount of DGDG in membrane lipids is higher in OE7 than in WT in both shoots and roots
-----------------------------------------------------------------------------------------------

Although the effect of Pi starvation on membrane lipid composition has been well studied, the composition under sucrose supplementation has not been assessed. Thus, we assessed membrane lipid composition in shoots and roots of WT and OE7 plants grown on medium containing sucrose (Figure [5A](#F5){ref-type="fig"}). In shoots of WT plants, the molar ratio of DGDG in the total membrane lipids was increased when sucrose was supplemented, whereas that of MGDG was decreased (Figure [5A](#F5){ref-type="fig"}). Although the level of *MGD3* mRNA in OE7 under sucrose supplementation was markedly higher than that observed in WT plants grown under Pi depletion (Figure [3A](#F3){ref-type="fig"}; Narise et al., [@B52]), only a small increase in DGDG mol% was observed in OE7 shoots compared with WT shoots (Figure [5A](#F5){ref-type="fig"}). Thus, we also analyzed lipid composition of the microsomal fraction extracted from shoots of WT and OE7 supplemented with sucrose (Figure [5B](#F5){ref-type="fig"}). Microsomal fraction was obtained using the same method as described in Figure [3C](#F3){ref-type="fig"}. In WT plants grown under normal growth conditions, MGDG mainly localizes in the thylakoid membrane and the molar ratio of MGDG and DGDG is 2:1 as shown in Figure [5A](#F5){ref-type="fig"}. In the microsomal fraction, ratio of MGDG in the total lipids (\~16 mol%) were comparable between WT and OE7 (Figure [5B](#F5){ref-type="fig"}), indicating that the amounts of thylakoid membrane included in the fractions were similar between WT and OE7. However, microsomal fraction of OE7 contained higher amount of DGDG (\~13 mol%) than that of WT (\~8 mol%, Figure [5B](#F5){ref-type="fig"}). From these results, it was suggested that DGDG increased in OE7 plants was translocated to extraplastidial membranes. The increase in DGDG mol% in roots was more significant than that in shoots when compared OE7 with WT (Figure [5C](#F5){ref-type="fig"}). When sucrose was supplied to WT plants, transcript levels of *NPC5* and *DGD2* were significantly increased in roots but not in shoots (Figures [1A,B](#F1){ref-type="fig"}). These results together suggested that the marked increase in DGDG mol% in plants requires a simultaneous increase in transcript levels of not only *MGD2/MGD*3 but also *NPC5* and *DGD2*. Regarding the membrane lipid composition under Pi depletion that we used in this experiment, it is known that DGDG mol% increases whereas PC and phosphatidylethanolamine (PE) molar ratios decrease (Kobayashi et al., [@B31]). Under sucrose supplementation, DGDG mol% increased, but a decrease in molar ratios of PC and PE was not observed in either shoots or roots (Figures [5A,C](#F5){ref-type="fig"}). We also analyzed the amount of total fatty acids, and confirmed that there was no difference of the amount of membrane lipids between WT and OE7 supplemented with or without sucrose (Figure [5D,E](#F5){ref-type="fig"}).

![**Lipid analysis of WT and OE7 seedlings grown with or without exogenous sucrose**. Molar ratio of membrane lipids of shoots **(A)** and roots **(C)**, and of microsomal lipids of shoots **(B)**, and total fatty acid content in shoots **(D)** and roots **(E)**. Plants were grown on MS medium supplemented with +suc or −suc for 10 d **(A,C)** or 7 d **(B,D,E)** were then transferred to ½MS agar with or without sucrose, respectively, and grown for another 10 d **(A,C)** or 7 d **(B,D,E)**. MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SQDG, sulfoquinovosyldiacylglycerol; PA, phosphatidic acid. Values represent the mean ± SD from three independent measurements. ^\*^*P* \< 0.05.](fpls-05-00280-g0005){#F5}

Free inorganic Pi content is comparable between WT and OE7 plants
-----------------------------------------------------------------

Under Pi depletion, plant cells utilize phosphorus by degrading phospholipids in biological membranes, and DGDG compensates for loss of phospholipids in the membranes; thus, increased amounts of available Pi in cells are utilized for other essential biological processes. To test if the increase in DGDG mol% might affect the levels of available Pi in cells without changing phospholipid levels, we measured free inorganic Pi content in WT and OE7 plants (Figure [6A](#F6){ref-type="fig"}). In both shoots and roots, WT and OE7 contained the same amount of Pi, clearly showing that the increase in DGDG mol% in the membrane does not affect the concentration of free Pi in the cells.

![**Pi (A) and chlorophyll (B) content in WT and OE7 seedlings grown with or without exogenous sucrose**. Plants grown on MS medium supplemented with +suc or −suc for 7 d were then transferred to ½MS agar with or without sucrose, respectively, and grown for another 7 d. Values represent the mean ± SD from three independent measurements.](fpls-05-00280-g0006){#F6}

Chlorophyll content and photosynthetic activity are similar between WT and OE7 plants
-------------------------------------------------------------------------------------

Regardless of sucrose supplementation, chlorophyll content per seedling did not differ significantly between WT and OE7 (Figure [6B](#F6){ref-type="fig"}). We also measured the photosynthetic activity (relative to chlorophyll content) in WT and OE7 plants grown on sucrose-supplemented medium (Table [1](#T1){ref-type="table"}). No significant difference was observed between WT and OE7, suggesting that the enhanced growth of OE7 under sucrose supplementation was not due to higher photosynthetic activity compared with WT.

###### 

**Chlorophyll fluorescence parameters for WT and OE7**.

              **WT**        **OE7**
  ----------- ------------- -------------
  *Fv*/*Fm*   0.83 ± 0.00   0.82 ± 0.04
  qP          0.83 ± 0.01   0.88 ± 0.04
  NPQ         0.23 ± 0.06   0.32 ± 0.02
  ϕII         0.55 ± 0.02   0.60 ± 0.08

*Plants were grown on ½MS agar supplemented with 1% (w/v) sucrose for 2 weeks. Chlorophyll fluorescence parameters represent the mean ± SD of three replicates. qP, photochemical quenching; NPQ, non-photochemical quenching*.

Sucrose content in shoots is lower in OE7 than in WT under sucrose supplementation
----------------------------------------------------------------------------------

We observed enhanced growth of OE7 plants only when sucrose was supplied in the growth medium (Figure [4A](#F4){ref-type="fig"}). Sucrose is a major mobile form of photoassimilates, but there were no significant differences in photosynthetic activity between WT and OE7 (Table [1](#T1){ref-type="table"}). Thus, we also analyzed expression levels of genes involved in cell cycle and trehalose-6-phposphate metabolism (Figure [7](#F7){ref-type="fig"}). Trehalose-6-phosphate metabolism and its content in plants are known to be related to growth enhancement under sucrose-supplemented conditions (Zhang et al., [@B68]; Debast et al., [@B14]; Delatte et al., [@B15]; Martínez-Barajas et al., [@B45]). However, expression levels of genes were comparable between WT and OE7 (Figures [7A,B](#F7){ref-type="fig"}). Thus, to clarify whether the growth difference was due to the uptake efficiency of the exogenously supplied sucrose, we first measured the sucrose concentration in shoots and roots of WT and OE7 in the absence or presence of sucrose (Figure [8](#F8){ref-type="fig"}). In both shoots and roots, the sucrose concentration in plants grown without exogenous sucrose was comparable between WT and OE7 (Figure [8](#F8){ref-type="fig"}). When sucrose was supplied, its concentration---especially in shoots---of WT and OE7 was higher than that in plants grown without sucrose (Figure [8A](#F8){ref-type="fig"}). In shoots of OE7 and WT grown with sucrose, sucrose concentration was 1.7- and 2.2-fold higher, respectively, compared with OE7 and WT grown without sucrose (Figure [8A](#F8){ref-type="fig"}). As a result, the sucrose concentration in shoots of OE7 was \~26% lower than that of WT only under sucrose supplementation. Sucrose supplementation did not significantly affect the sucrose content in roots (Figure [8B](#F8){ref-type="fig"}).

![**Cell cycle--related gene (A) and trehalose-6-phosphate (T6P)-metabolism-related gene (B) expression in WT and OE7 seedlings**. Plants grown on MS agar with +suc or −suc for 7 d were then were transferred to ½MS agar with or without sucrose, respectively, for another 7 d. Relative mRNA abundance of cell cycle--related genes (*CYCD2;1*, *CYCD3*, *CDKB2*, *CDKA1*) and of T6P-metabolism-related genes (*TPS5*, *TPS1*, *TPPB*, *ALIN11*) in shoots were analyzed by quantitative RT-PCR. Relative expression was normalized to the corresponding mRNA abundance in WT. Values represent the mean ± SD from three independent measurements.](fpls-05-00280-g0007){#F7}

![**Sucrose content in WT and OE7 seedlings grown with or without exogenous sucrose**. Plants grown on MS medium supplemented with +suc or −suc for 7 d were then transferred to ½MS agar with or without sucrose, respectively, and grown for another 7 d. **(A)** Sucrose content in shoots. **(B)** Sucrose content in roots. Values represent the mean ± SE \[*n* = 6 (shoot, +suc), *n* = 5 (shoot, −suc), *n* = 3 (root, +suc and −suc)\]. ^\*^*P* \< 0.05.](fpls-05-00280-g0008){#F8}

Galactolipid synthesis using exogenously supplied sucrose is enhanced in OE7 plants
-----------------------------------------------------------------------------------

To clarify the reason for the observed decrease in sucrose concentration in shoots of OE7 plants under sucrose supplementation, we measured the uptake of \[^14^C\]sucrose. Unexpectedly, the levels of labeled seedlings did not differ significantly between WT and OE7, suggesting that the efficiency of sucrose uptake did not differ between WT and OE7 (Figure [9A](#F9){ref-type="fig"}). However, the relative amount of ^14^C incorporation in each membrane lipid clearly indicated that sucrose absorbed from roots was immediately utilized as a carbon source for membrane lipid synthesis, and the ratio of ^14^C level in DGDG relative to all labeled lipids in OE7 was slightly higher than that in WT (Figure [9B](#F9){ref-type="fig"}). These results suggested that sucrose uptake activity of OE7 is similar to that of WT, but the galactolipid biosynthesis using exogenously supplied sucrose as a carbon source was enhanced in OE7 compared with WT.

![**Sucrose uptake of WT and OE7 plants**. Plants were grown on sucrose-free ½MS for 2 weeks and then transferred to ^14^C-labeled sucrose containing ½MS for 4 h. **(A)** Counts of ^14^C-labeled whole seedlings. **(B)** Relative intensity of ^14^C-labeled membrane lipids. Total lipid extracted from shoots and roots after ^14^C labeling was separated by thin-layer chromatography, and intensities of each ^14^C-labeled lipid were analyzed. Values represent the mean ± SD from three independent measurements. ^\*^*P* \< 0.05.](fpls-05-00280-g0009){#F9}

Discussion {#s3}
==========

When sucrose was exogenously supplied to the growth medium, the expression of *MGD2* and *MGD3* as well as *SUC2*, *IPS1*, and *At4* was upregulated in shoots (Figure [1A](#F1){ref-type="fig"}). However, expression levels of three genes responsive to Pi deficiency also involved in lipid synthesis (*DGD1*, *DGD2*, and *NPC5*) were not significantly changed in shoots (Figure [1A](#F1){ref-type="fig"}). Our result agrees with previous studies reporting that the change in gene expression induced by sucrose supplementation is similar to that induced by Pi deficiency (Hammond et al., [@B21]; Vance et al., [@B63]; Wu et al., [@B64]; Misson et al., [@B46]; Müller et al., [@B48], [@B47]; Hammond and White, [@B22]). However, this similarity is not a common feature of all membrane-remodeling genes responsive to Pi deficiency. The *Arabidopsis hsp1* mutant, in which sucrose content is higher than in WT in both shoots and roots, shows a hypersensitive phenotype in response to Pi starvation, suggesting that sucrose is a global regulator of plant responses to Pi starvation (Lei et al., [@B40]). Indeed, microarray analysis of the *hsp1* mutant has revealed the induction of \~70% of the Pi starvation--responsive genes in WT (Lei et al., [@B40]). *MGD3* is one of the top 20 genes that are synergistically induced by Pi starvation in the *hsp1* mutant, although expression of *DGD1* and *DGD2* is comparable between WT and *hsp1* and *NPC5* is 5-fold lower in *hsp1* than in WT (Lei et al., [@B40]). Under Pi depletion, a simultaneous increase in expression levels of these genes occurs in shoots, which is essential for membrane lipid remodeling (Benning and Ohta, [@B8]; Nakamura, [@B51]). Thus, although the time course of gene expression should be further analyzed, the responses to exogenously supplied sucrose and Pi starvation do not appear to be fully correlated.

Growth of transgenic plants that overexpress *MGD3* was enhanced compared with WT, whereas growth of the *MGD3* knockout mutant *mgd3* was slower than WT under sucrose supplementation (Figures [2](#F2){ref-type="fig"}, [4A,B](#F4){ref-type="fig"}). Unexpectedly, although *MGD3* expression was significantly higher in OE7 than in WT (Figure [3A](#F3){ref-type="fig"}), the DGDG molar ratio in membrane lipids was only slightly different between OE7 and WT (Figure [5](#F5){ref-type="fig"}). Indeed, the level of *MGD3* mRNA is markedly higher in OE7 than in WT plants grown under Pi depletion (Narise et al., [@B52]). In shoots of WT grown under Pi depletion, the molar ratio of DGDG in the total membrane lipids is \~15% higher than in plants grown under Pi-sufficient conditions (Kobayashi et al., [@B31]). The effect of *MGD3* OE on membrane lipid composition may have been smaller than we expected because of the lack of co-activation of genes/enzymes involved in DGDG synthesis. When DGDG synthesis is not activated, MGDG may accumulate in the membrane. However, MGDG is not a bilayer-forming lipid in the membrane, and thus MGDG hyperaccumulation might be cytotoxic (Murphy, [@B50]). Indeed, rough cell membrane surfaces and defects in cell division are observed in *Escherichia coli* that accumulate MGDG (Gad et al., [@B18]). Our results suggest that a feedback mechanism or other unknown mechanisms might exist to prevent hyperaccumulation of MGDG in membranes.

Inorganic Pi content in plant cells (Figure [6A](#F6){ref-type="fig"}), photosynthesis (Table [1](#T1){ref-type="table"}), and cell division--related gene expression (Figure [7A](#F7){ref-type="fig"}) were not significantly different between WT and OE7 plants. We also measured the sucrose content in shoots and found that OE7 contained less sucrose than WT (Figure [8](#F8){ref-type="fig"}). Given that sucrose uptake by OE7 and WT plants was similar (Figure [9](#F9){ref-type="fig"}), upregulation of galactolipid synthesis mediated by type-B MGDG synthases in the outer envelope membrane of chloroplasts may correlate with accelerated sugar utilization as a carbon source only when the carbon source is supplied exogenously.

When carbon availability is elevated by sucrose supplementation, trehalose 6-phosphate (T6P) content increases (Schluepmann et al., [@B59]; Lunn et al., [@B42]). T6P inhibits the catalytic activity of the SNF1-related protein kinase SnRK1 in growing tissues of plants (Zhang et al., [@B68]; Debast et al., [@B14]; Delatte et al., [@B15]; Martínez-Barajas et al., [@B45]). Inhibition of SnRK1 blocks expression of more than 1000 genes involved in biosynthesis, growth, and stress responses (Baena-González et al., [@B5]; Nunes et al., [@B54]). *MGD3* is not included among the genes regulated by SnRK1, suggesting that its transcriptional regulation by exogenously supplied sucrose is distinct from the SnRK1--related regulation mechanism. Moreover, expression levels of several genes involved in T6P metabolism and the SnRK1-mediated signaling pathway were comparable between WT and OE7 (Figure [7B](#F7){ref-type="fig"}), showing that there was no correlation between upregulation of MGDG synthesis and SnRK1-mediated stress responses. Thus, upregulation of MGD3 appears to be involved in sucrose metabolism and growth enhancement under sucrose supplementation in a manner different from that mediated by T6P and SnRK1.

Recently, it was suggested that balance between available Pi and carbon content might be important for the response to Pi starvation (Lei and Liu, [@B39]). Given that *MGD3* expression levels were increased by Pi starvation and sucrose supplementation (Figure [1](#F1){ref-type="fig"}) and that sucrose content was lower in shoot tissues of OE7 than of WT when sucrose was supplied (Figure [8A](#F8){ref-type="fig"}), galactolipid synthesis on the outer envelope membrane of chloroplasts might play the following two roles: (1) maintenance of the ratio of available Pi and carbon in plant tissues by reducing the cellular sucrose content via galactolipid synthesis in Pi-depleted growth medium, (2) supply of DGDG as a component of the plasma membrane to support enhanced growth under sucrose supplementation. Regardless of which scenario is correct, future work will be needed to confirm a new role for MGD3 other than for galactolipid supply during lipid remodeling under Pi depletion.

Materials and methods {#s4}
=====================

Plant material and growth conditions
------------------------------------

Seedlings of WT *A. thaliana* (Columbia-0), *mgd3* mutant and transformants overexpressing *At*MGD3-GFP protein were grown on Murashige and Skoog (MS) medium (Murashige and Skoog, [@B49]) solidified with 0.8% (w/v) agar containing 1% (w/v) sucrose or 0.53% (w/v) mannitol, for the osmotic control, at 23°C under continuous white light.

MGD3 OE transformants were produced by a modified version of the vacuum-infiltration method (Bechtold and Pelletier, [@B7]) using pBI121 in which the *AtMGD3* cDNA sequence and *GFP* tag were inserted under control of the 35S-CaMV promoter, and transformants were then selected on MS agar containing 50 μg·mL^−1^ kanamycin.

Quantitative RT-PCR
-------------------

Total RNA was extracted from plant shoots and roots using the SV Total RNA Isolation System (Promega). Reverse transcription (RT) was performed using the PrimeScript RT reagent kit (Takara). PCR was conducted using the SYBR Premix Ex Taq II (Takara), and signals were detected/quantified using the Thermal Cycler Dice Real Time System (Takara). Quantitative RT-PCR was carried out as following method. Each PCR reaction mixture (25 μL) was prepared to contain cDNA (RT product from 6 ng of RNA), 10 μL SYBR Premix Ex Taq II and 0.4 μM of each primer. Samples were run for 40 cycles under the following thermal cycling protocol and analyzed the dissociation curve: preheating step at 95°C for 30 s, 40 amplification cycles of 95°C for 5 s, 60°C for 30 s, 1 cycle of 95°C for 15 s, 60°C for 30 s, 95°C 15 s. Quantitative RT-PCR was carried out using *AtUBQ10* (At4g05320) as an internal standard. The following primers were used:

1.  AtMGD3_Fw: 5′ TCGTGGCGGATTGGTTTAG 3′

2.  AtMGD3_Rv: 5′ CGTTGTTGTTGTTGGGATAGATG 3′

3.  AtMGD2_Fw: 5′ GATTCGATCACTTCCTATCATCCTC 3′

4.  AtMGD2_Rv: 5′ TGTGCTAAACCATTCCCCAAC 3′

5.  AtDGD1_Fw: 5′ CTGAAGAGAGATCCCGTGGTG 3′

6.  AtDGD1_Rv: 5′ TCCCAAGTTCGCTTTTGTGTT 3′

7.  AtDGD2_Fw: 5′ TGCAGAACCTATGACGATGGA 3′

8.  AtDGD2_Rv: 5′ GCTCTGTAAGTTGCGATGGTTG 3′

9.  AtNPC5_Fw: 5′ TTCTTCATCTCCCCTTGGATTG 3′

10. AtNPC5_Rv: 5′ GTGACATTAGGTACGGCCCATT 3′

11. AtSUC2_Fw: 5′ TCCCTTTCCTTCTCTTCGACAC 3′

12. AtSUC2_Rv: 5′ CATAAGCCCCAAAGCACCA 3′

13. AtIPS1_Fw: 5′ AGACTGCAGAAGGCTGATTCAGA 3′

14. AtIPS1_Rv: 5′ TTGCCCAATTTCTAGAGGGAGA 3′

15. At4_Fw: 5′ CTGAAGCTCAAGAACCCTCTGAA 3′

16. At4_Rv: 5′ CCTCTCAAAACCCTTTATTGGTGA 3′

17. AtMGD1_Fw: 5′ AGGTTTCACTGCGATAAAGTGGTT 3′

18. AtMGD1_Rv: 5′ AACGGCAATCCCTCCTCAC 3′

19. AtCYCD2;1_Fw: 5′ GCTGCTGCAGTGTCTGTTTC 3′

20. AtCYCD2;1_Rv: 5′ ACAGCTCTTACCGCAACTCG 3′

21. AtCYCD3_Fw: 5′ CAACTACCAGTGGACCGCATC 3′

22. AtCYCD3_Rv: 5′ AATCACGCAGCTTGGACTGTT 3′

23. AtCDKB2_Fw: 5′ CCAATGAAGAAGTATACCCATGAGA 3′

24. AtCDKB2_Rv: 5′ AATGGGTGGCACCAAGAAG 3′

25. AtCDKA1_Fw: 5′ CCGAGCACCAGAGATACTCC 3′

26. AtCDKA1_Rv: 5′ GTTACCCCACGCCATGTATC 3′

27. AtTPS5_Fw: 5′ TCTCGGTTTGGGTGCAGAGCA 3′

28. AtTPS5_Rv: 5′ ACCAAACTCGACGTTTCCCAGTCT 3′

29. AtTPS1_Fw: 5′ ACCATAGTTGTTCTGAGCGGAAGCA 3′

30. AtTPS1_Rv: 5′ TCATCCACTCTCCATTCGTAAGCCT 3′

31. AtTPPB_Fw: 5′ GGGACAAGGGCCAGGCACTC 3′

32. AtTPPB_Rv: 5′ ACACCGGCACAACATCATCCGA 3′

33. AtAKIN11_Fw: 5′ CACCATTCCTGAGATCCGTCA 3′

34. AtAKIN11_Rv: 5′ GAGACAGCAAGATAACGAGGGAG 3′

35. AtUBQ10_Fw: 5′ CCCTAACGGGAAAGACGATTAC 3′

36. AtUBQ10_Rv: 5′ AAGAGTTCTGCCATCCTCCAAC 3′

Sequences of AtTPS5_Fw and Rv, AtTPS1_Fw and Rv, AtTPPB_Fw and Rv, and AtAKIN11_Fw and Rv were described by Nunes et al. ([@B54]). Sequences of AtMGD2_Fw and Rv, AtIPS1_Fw and Rv, and At4_Fw and Rv were described by Narise et al. ([@B52]). Sequences of AtCYCD2;1_Fw and Rv, CDKA1_Fw and Rv were described by Sanz et al. ([@B58]).

Fresh weight measurement
------------------------

Fresh weight of shoots or roots from 3 to 5 plants were measured together, and the average weight of an individual plant was calculated. The mean ± SE was calculated furthermore.

Western blot analysis
---------------------

For western blotting, WT and OE plant samples were homogenized in 50 mM Tris-HCl, pH 7.5 and centrifuged at 3,000 ×g to remove tissue debris, and each supernatant was used as crude extract. Of the crude protein (20 μg from shoots, 10 μg from roots) was subjected to SDS-PAGE (12.5% polyacrylamide), blotted onto a nitrocellulose membrane (Whatman), and incubated for 3 h at 23°C with monoclonal anti-GFP (Clontech**;** diluted 1:5,000) and then with horseradish peroxidase--conjugated anti-mouse IgG secondary antibody (Thermo Scientific; diluted 1:100). Bands were detected by chemiluminescence substrates (SuperSignal West Femto Chemiluminescent Substrate, Thermo Scientific) and film (Hyperfilm ECL, GE Healthcare).

To further assess subcellular localization, crude-extract proteins were centrifuged at 125,000 × g to yield soluble and microsomal membrane fractions. These fractions were then subjected to SDS-PAGE/western blotting as described above, and protein bands were detected using Image Quant LAS 500 (GE Healthcare).

For chloroplast purification, plants were homogized by a blender in lysis buffer (50 mM HEPES-KOH, 330 mM sorbitol, 2.0 mM EDTA, 1.0 mM MgCl~2~, 1.0 mM MnCl~2~, pH7.8) with Protease Inhibitor Cocktail (Roche; complete Mini), and centrifuged at 2,000 × g for 5 min to enrich chloroplasts as the pellet. Resuspended pellet and supernatant fractions were then subjected to SDS-PAGE/western blotting as described above, or for the LHCB6 detection, membranes were incubated for 3 h at 23°C with monoclonal anti-LHCB6 (Agrisera**;** diluted 1:5,000) and then with peroxidase anti-rabbit IgG secondary antibody (Vector Laboratories; diluted 1:10,000). Protein bands were detected using Image Quant LAS 500 (GE Healthcare).

Measurement of galactolipid synthase activity
---------------------------------------------

Plant microsomal fractions of WT and OE7 were obtained by centrifugation of homogenized plant shoots at 3,000 × g (supernatant) and 125,000 × g (pellet). Galactolipid synthetic activities were measured using ^14^C-labeled UDP-galactose as a substrate according to our previous reports with minor modifications (Yamaryo et al., [@B66]; Shimojima et al., [@B61]). Briefly, after pre-incubation of microsomal enzyme in 190 μL of assay mixture \[6.4 mM dioleoylglycerol in 0.01% (w/v) Tween 20, 10 mM dithiothreitol, 10 mM sodium acetate, and 18 mM MOPS-KOH, pH 7.8\] at 30°C for 5 min, 10 μL of ^14^C-labeled UDP-galactose (8.08 mM, 91.6 Bq nmol^−1^) was added to start the reaction. The reaction products were extracted in ethyl acetate, separated by thin layer chromatography (solvent system, acetone: toluene: water = 136: 45: 13, v/v/v), and quantified using a fluoro-image analyzer (FLA-7000, Fujifilm).

Lipid analysis
--------------

Total lipid was extracted according to Bligh and Dyer ([@B9]). The polar membrane lipids were separated by two-dimensional silica gel thin-layer chromatography (Kobayashi et al., [@B34]). Separated lipids were then subjected to hydrolysis and methylation, and fatty acid methyl esters were quantified by gas chromatography using pentadecanoic acid as an internal standard (Kobayashi et al., [@B35]). Microsomal membranes were obtained by a couple of centrifugation steps (supernatant at 3,000 × g and pellet at 125,000 × g) after homogenization of plant shoots and re-suspended in the buffer (50 mM HEPES-KOH, pH7.8). Microsomal membrane lipids were extract by mixing with 10-fold volume of chloroform: methanol (2: 1, v/v), washed twice with same volume of 0.45% NaCl, and concentrated in chloroform: methanol (2: 1, v/v).

Pi measurement
--------------

Inorganic Pi was extracted separately from shoots and roots, and Pi content was measured using a phosphomolybdate colorimetric assay as described by Chiou et al. ([@B11]). Samples were homogenized with extraction buffer (10 mM Tris, 1.0 mM EDTA, 100 mM NaCl, and 1.0 mM β-mercaptoethanol, pH 8.0). After centrifugation (12,000 × g) for 10 min, 100 μL of supernatant was mixed with 900 μL of 1% glacial acetic acid and incubated at 42°C for 30 min. After centrifugation (120,000 × g) for 5 min, 300 μL of supernatant was mixed with 700 μL of assay solution \[0.35% w/v NH~4~MoO~4~, 0.43 M H~2~SO~4~, and 1.4% (w/v) ascorbic acid\] and then incubated at 42°C for 30 min. The Pi content was measured at A~820~.

Measurement of photosynthetic activity
--------------------------------------

Chlorophyll fluorescence parameters were measured using a Dual-PAM system (Walz). The minimum chlorophyll fluorescence at the open PSII center (Fo) was detected by measuring light (655 nm) at an intensity of 0.05--0.15 μmol m^−2^· s^−1^. A saturating pulse of white light (800 ms) was applied to determine the maximum chlorophyll fluorescence at closed PSII centers in the dark (Fm) and during actinic light illumination (Fm\'). Steady-state chlorophyll fluorescence (Fs) was recorded during actinic light illumination (80 μmol photons m^−2^· s^−1^) and Fo\' as the minimum chlorophyll fluorescence when actinic light was turned off. *Fv/Fm* was calculated as (Fm - Fo)/Fm. qP was calculated as (Fm\' - Fs)/(Fm\' - Fo\'). NPQ was calculated as (Fm − Fm\')/Fm\'. ΦII was calculated as (Fm\' − Fs)/Fm.

Measurement of chlorophyll content
----------------------------------

Total plant chlorophyll was extracted from homogenized plants using 80% (v/v) acetone. Samples were centrifuged at 12,000 × g at 4°C for 5 min, and then the supernatant was used to measure the absorbance with a spectrophotometer (UV-1600, Shimadzu). Total chlorophyll was calculated using the following formula (Porra et al., [@B55a]):

Total chlorophyll (nmol/mL) = 19.54 ^\*^ (A~646.8~ − A~720~) + 8.29 ^\*^ (A~663.2~ − A~720~).

Measurement of sucrose content
------------------------------

Plant seedlings were cut into shoot and root parts and frozen in liquid nitrogen. Soluble sugars were extracted twice in 80% (v/v) ethanol at 80°C for 10 min. Samples were centrifuged at 2,500 × g for 10 min and then dried under N~2~ gas. Glucose content was estimated by using the Glucose Colorimetric/Fluorometric Assay kit (BioVision). To calculate sucrose content, samples were incubated with 50% (v/v) Invertase Solution from Yeast (Wako) at 25°C for 1 h, and the resultant glucose content was estimated as described above.

Measurement of sucrose uptake
-----------------------------

Two-week-old plant seedlings grown on MS medium without sucrose or mannitol were used to estimate sucrose uptake as described by Lei et al. ([@B40]). Briefly, after incubation in MS medium (pH 5.7) for 30 min, the roots were incubated in MS medium containing 0.1% sucrose and \[^14^C\]sucrose (0.5 mCi·mL^−1^) and incubated for 2 h. After two washes with MS medium containing 1% sucrose, the ^14^C in each seedling was measured in a scintillation counter (LS6500, Beckman) and expressed as cpm·mg^−1^ fresh weight. Each lipid fraction was subjected to thin-layer chromatography (solvent system, acetone: toluene: water = 136: 45: 13), and a radioactive intensity ratio was measured for each fraction using an fluoro-image analyzer (FLA-7000, Fujifilm).
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